To spread from a localized tumor, metastatic cancer cells must squeeze through constrictions that cause major nuclear deformations. Since chromosome structure affects nucleus stiffness, gene regulation and DNA repair, here we investigate how confined migration affects or is affected by 3D genome structure. Using melanoma (A375) cells, we identify phenotypic differences in cells that have undergone 10 rounds of constricted migration. These cells display a stable increase in migration efficiency, elongated morphology, and an abnormal distribution of Lamin A/C and heterochromatin. Using Hi-C, we observe changes in chromosome spatial compartmentalization specific to constricted cells and related alterations in expression of genes associated with migration and metastasis. These cells also show increased nuclear deformations when cultured in a 3D collagen matrix and altered behavior when co-cultured with fibroblasts in organoids. Our observations reveal a relationship between chromosome structure changes, metastatic gene signatures, and the abnormal nuclear appearance of aggressive melanoma.
Introduction
Despite significant improvements in the diagnosis and treatment of cancer, most patients with advanced metastatic disease face a terminal illness incurable by current therapeutic methods. The dissemination of cancer cells from the primary tumor and the formation of new tumor colonies at distant sites involves a complex multi-step invasion-metastasis cascade (Lambert et al., 2017 , Gupta and Massague, 2006 , Chambers et al., 2002 , Fidler, 2003 . To metastasize, cancer cells must squeeze through constrictions of the extracellular matrix or endothelial lining that are much smaller than their nucleus, causing major nuclear deformations. While the cell membrane and cytoplasm are quite elastic, the ability of the cell's nucleus to withstand large deformations and squeeze through these small spaces is limited by its size and stiffness, posing challenges to confined migration , Fu et al., 2012 , Wolf et al., 2013 , Friedl et al., 2011 . Nuclear stiffness and deformability depend on two major components: lamin proteins (Lamin A/C and Lamin B) and the chromatin (Stephens et al., 2017 , Harada et al., 2014 .
Lamin A/C expression and its stoichiometric relation to Lamin B contributes to nuclear mechanical properties (Harada et al., 2014) . Low expression levels of Lamin A/C lead to decreased nuclear stiffness and increased deformability (Lammerding et al., 2006) . Likely resulting from increased nuclear flexibility, decreased expression of Lamin A/C has been shown to promote constricted migration in mouse embryonic fibroblasts (MEFs) . Conversely, increased expression of Lamin A/C inhibits migration through constrictions in neutrophils , Rowat et al., 2013 . Given this relation between lamin content and confined migration, it is not surprising that low levels of Lamin A/C are correlated with the increased aggressiveness of some cancers (Broers et al., 1993 , Wazir et al., 2013 . However, not all invasive cancers downregulate their Lamin A/C expression; in fact, an increase in Lamin A/C is associated with progression of aggressive cancers such as colorectal and skin basal cell skin carcinoma (Willis et al., 2008 , Venables et al., 2001 . Decreased lamin content during confined migration can even be deleterious as it jeopardizes the integrity of the nuclear envelope and increases the probability of nuclear rupture events as the nucleus passes through a constriction. Such nuclear rupture can lead to DNA damage, DNA loss, and genomic aberrations (Denais et al., 2016 , Irianto et al., 2017a .
In addition to the complex role of lamin content, recent work emphasizes the additional role of chromatin in mechano-sensing, nuclear stiffness, and invasiveness (Miroshnikova et al., 2017 , Stephens et al., 2017 . The two-meter chromatin fiber is packaged into the nucleus in a complex 3D architecture that informs DNA replication, repair, and gene regulation (Marchal et al., 2019 , Krijger and de Laat, 2016 , Spielmann et al., 2018 . Regions of the genome are marked with different histone modifications and become spatially compartmentalized into heterochromatin and euchromatin through different mechanisms, such as tethering to nuclear structures like the lamina, or due to phase separation Belmont, 2017, Strom et al., 2017) . Genes within less-accessible heterochromatin tend to be inactive while those localized to more accessible euchromatin tend to be active or poised for quick transcriptional activation (Gaspar-Maia et al., 2011, van Steensel and Belmont, 2017) . Chromatin state has also been shown to influence nuclear physical properties: increased levels of heterochromatin increase nuclear stiffness while increased euchromatin levels decrease stiffness and increase nuclear deformability (Stephens et al., 2017 , Stephens et al., 2018 . Such global changes in chromatin state can also influence confined migration; for example, increasing euchromatin or decreasing heterochromatin inhibits mouse melanoma cell migration (Gerlitz and Bustin, 2010) . Mounting evidence also points to the effect that extracellular physical forces have on nuclear mechanics and chromosome structure. Nuclei aspirated into narrow micropipettes exhibit stretching of chromatin domains that is sometimes irreversible (Irianto et al., 2017b) , and external cellular forces can affect gene expression through direct chromatin deformations (Tajik et al., 2016) . Despite such connections between chromatin structure, nucleus deformation, and nucleus mechanics, it is not fully understood whether the 3D organization of the genome affects or is affected by confined migration.
Ever-improving microscopic techniques and the development of chromosome conformation capture approaches have revolutionized our understanding of 3D genome architecture in the past decade (Dekker et al., 2002 , Bickmore and van Steensel, 2013 , Rowley and Corces, 2018 , Pombo and Dillon, 2015 , Abbas et al., 2019 . Chromosomes are folded at different length scales into loops, topologically associating domains (TADs), active and inactive (A/B) compartments, and chromosomal territories. How these layers of structure are affected by physical nucleus shape changes such as the kind experienced during constricted migration remains unknown. Previous work has shown that 3D chromosome organization changes correlate with the progression of cancer (Taberlay et al., 2016 , Barutcu et al., 2015 and that both the formation and downstream effect of chromosomal translocations in cancer progression is influenced by 3D genome structure (Zhang et al., 2012 , Hnisz et al., 2016 . In addition, some changes have been noted in the 3D genome structures of neutrophils that have undergone constricted migration (Jacobson et al., 2018) . Taken together, previous evidence suggests that chromosome structure may influence a cancer cell's ability to undergo confined migration, that changes in chromosome structure could be caused by nuclear deformation, and that such chromosome structure changes could influence gene regulation and cancer cell phenotype. In this study, we seek to unite these previous ideas and test this hypothesis that certain 3D genome structures of cancer cells facilitate or are changed by constricted migration.
Here, we use invasive human melanoma cells (A375) to investigate the properties of the nucleus and 3D chromosome structure that accompany confined migration. In line with previous reports using osteosarcoma cells (U2OS) (Irianto et al., 2017a) , we find that A375 cells that have migrated numerous times through tight constrictions are phenotypically distinct from cells that do not pass through constrictions. We find that these cells exhibit specific and stable alterations in 3D genome organization, particularly at the level of A/B compartmentalization, lamin localization, and gene expression patterns. Our results suggest that 3D genome architecture influences the ability of cancer cells to undergo constricted migration and raises the possibility that changes take place after constricted migration which confer a higher metastatic efficiency for subsequent rounds of migration through constrictions.
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Glossary

Control
A375 cells that have not undergone constricted migration but have been grown in a 2D culture dish.
Top5
A375 cells that have not undergone constricted migration through 5µm pores even after 10 chances to do so.
Bottom5
A375 cells that have undergone constricted migration through 5μm pores for 10 rounds.
Top20-5 A375 cells that have not undergone constricted migration through 5µm pores even after 20 chances to do so.
Bottom20-5 A375 cells that have undergone constricted migration through 5µm pores for 20 rounds.
Top-12 A375 cells that have not undergone migration through 12µm pores even after 10 chances to do so.
Bottom-12
A375 cells that have undergone migration through 12µm pores for 10 rounds.
Results
Melanoma cells exhibit an increase in migration efficiency and morphological changes after multiple rounds of constricted migration
To investigate whether the 3D genome organization is affected by constricted migration, we performed sequential rounds of constricted migration (through 5-μm pores in Transwell filters) on A375 cells ( Figure 1A , see STAR Methods for a detailed experimental design). Interestingly, cells that successfully undergo constricted migration through 5-µm pores migrate more efficiently in subsequent rounds of the same Transwell assay. As a result, the population of cells derived from those that have passed through the 5-µm pores for 10 consecutive rounds (Bottom-5) migrate at high efficiency (~70%) as compared to the initial population (20%) (Figure 1Bi and Figure S1A ). In contrast, cells that have failed to undergo constricted migration through 5-μm pores show a progressive decrease in migratory efficiency, approaching 0% migration after 10 rounds (Top-5) ( Figure 1Bi and Figure S1A ). The differences in migration efficiency correspond to other notable differences in cell phenotype. Phase contrast imaging of the subpopulations shows that Bottom-5 cells exhibit a decrease in cell-cell adhesions and an elongated cell body (suggesting a more mesenchymal phenotype) when compared to Top-5 cells (Figure 1Bii and Figure S1C ). These morphological characteristics and migration efficiency differences are maintained even after continuous passage or multiple freeze-thaw cycles, indicating stable phenotypes among Top-5 and Bottom-5 cells ( Figure S1B ). Live cell imaging of Top-5 and Bottom-5 cells migrating on a 2D surface shows that Bottom-5 cells maintain their elongated shapes and display lobopodia/lamellipodia-like migration, while Top-5 cells display amoeboidlike migration over a 13-hr migration period (Figure 1Biii and Movie S1 and S2). These results indicate that the changes (morphological and/or genetic) associated with passing through constrictions fosters migration in consecutive rounds. These phenotypes are consistent with previous studies showing that the degree of invasiveness is often correlated with changes in mechanical properties of cells and increase of cell shape irregularity (Lyons et al., 2016 , Machesky, 2008 .
It has been previously reported that A375 cells are heterogeneous in their metastatic ability (Kozlowski et al., 1984) , so it is possible that the differences we observe are associated only with ability to migrate and are not specific to passing through a constriction. To investigate whether the need to pass through a constriction smaller than the nucleus contributes to the differences in migratory ability that we observed among Top-5 and Bottom-5 cells, we repeated the sequential migration experiment using transwell filters with 12-µm pores. Migration through 12-μm pores Figure 1 . A375 cells exhibit morphological changes and increase in migration efficiency after constricted migration. (A) Overview of sequential transwell migration experiment with A375 cells. (B) (i) Migration efficiency (% of cells that migrated through filter pores in each round) of A375 cells during constricted migration (5-μm transwell pore size). Error bars = mean ± SD for n = 3 biological replicates. (ii) Phase contrast imaging of A375 cells that have not (Top-5) or have (Bottom-5) undergone 5-μm constricted migration. (iii) Solidity measurements of A375 cells undergoing live-cell migration on a 2D surface (1 indicates ideally round and lower values indicate more divergence from round shape). Error bars = mean ± SD for n = 76 Top10 cells and n = 77 Bottom10 cells (p < 0.0001, two-tailed t-test). (C)(i) Migration efficiency of A375 cells undergoing migration with no constriction (12-μm transwell pore size). (ii) Phase contrast imaging of A375 cells that have not or have (Bottom-12) undergone 12-μm transwell migration. (D) Comparison of solidity measurements between A375 cells that have undergone migration through 5-μm and 12-μm pores. Box and whiskers plot showing all data points in Control (n = 52 cells), Top-5 (n = 99 cells), Bottom-5 (n = 98 cells), Top-12 (n = 43 cells) and Bottom-12 (n = 82 cells) (****p < 0.0001, ns p = 0.0726, two-tailed t-test). Scale bars (white) indicate a length of 25μm. Figure 1 . A375 cells exhibit persistent increase in migration efficiency and morphological changes after 5-µm constricted migration. (A) Migration efficiency of each replicate for 10 rounds of 5-µm (top graphs) and 12-µm (bottom graphs) transwell migration. (B) Migration efficiency of A375 cells after continuous culture (left graph) and after thawing (right graph). (C) Phase contrast images of A375 cells exposed to 5-µm (top panel) and 12-μm (middle and bottom panels) transwell migration. Scale bars (white) indicate a length of 50 μm. (D) Aspect ratio (left graph) and solidity (right graph) measurements of cells in A375 subpopulations that have undergone 10 rounds (Top-5 and Bottom-5) and 20 rounds (Top20 and Bottom20) of migration through 5µm constrictions (**** p < 0.0001; Control (n = 52), Top-5 (n = 99), Top20-5 (n = 93), Bottom-5 (n = 98), Bottom20-5 (n = 48); two -tailed t-test).
Supplementary
does not pose a major spatial barrier for the nucleus since the minimum diameter of the majority of A375 cells is smaller than the 12-µm diameter of the pore ( Figure S2A ). Accordingly, A375 cells migrate at a much higher rate in the 12-μm pores (~ 55-70 %) in the first round ( Figure  1Ci ). Strikingly, cells that were successful at migrating through 12-µm pores (Bottom-12) in each round displayed only a minimal increase in migratory efficiency as compared to the more dramatic increase shown by Bottom-5 cells. In contrast, cells that failed to migrate through the 12-μm pores (Top-12), displayed a significant decrease in migration efficiency after 10 sequential rounds of migration ( Figure 1Ci ). This result demonstrates that there is a subset of cells in the initial population that cannot migrate even through a large pore, but also suggests that larger changes occur after constricted migration, compared to unconstricted. Phase contrast imaging revealed that Top-12 cells display high cell-cell adhesion and more epithelial like phenotypes (like Top-5) when compared to Bottom-12 cells, which show a decrease in cellcell adhesion and more elongated phenotypes (Figure 1Cii and Figure S1C ). However, when quantifying solidity or aspect ratio ( Figure S1D ) over a population average for all A375 subpopulations, it becomes clear that Bottom-5 cells exhibit more dramatic elongated phenotypes compared to Bottom-12 cells which show no significant difference compared to the Control, Top-5 and Top-12 cells ( Figure 1D ). When challenged to migrate through 5-μm pores, Bottom-12 cells showed a migration efficiency similar to the control population (~ 3-20 %). This suggests that one layer of heterogeneity in the A375 population distinguishes cells that cannot migrate (Top-12) from those that can, but that additional features are required for constricted migration that are not necessarily already present in the Bottom-12 subset of cells. We next turned to investigating the nucleus and chromosome structures of these different sub-groups of cells.
Peripheral localization of heterochromatin and irregular distribution of Lamin A/C correlate with an increased rate of constricted migration
Changes in nuclear morphology are consistently used as a diagnostic tool in cancers (Kadota et al., 2012) . Further, it has been reported that, during cancer cell constricted migration, the nuclear envelope can rupture (Denais et al., 2016) , blebs can form, and DNA damage can occur (Irianto et al., 2017a, Davidson and . However, it is not clear how these morphological changes might affect the underlying 3D structure of the chromosomes. As noted earlier, lamin content and chromatin state have been implicated in constricted migration and nucleus stiffness. Therefore, we first looked at nucleus structure by immunofluorescence imaging of Lamin A/C and heterochromatin (H3K9me3). While we did not observe differences in nuclear morphology among the migratory and non-migratory cells on average ( Figure S2B ), in agreement with previous reports showing that the morphological changes with constriction (nuclear blebs, DNA damage) are reversible (Irianto et al., 2017a) , we aimed to investigate whether irreversible differences exist among A375 cells with different migratory ability. High resolution confocal microscopy of immunostained A375 Control, Top-12 and Top-5 nuclei revealed a uniform distribution of Lamin A/C throughout the nuclear envelope (Figure 2A , middle panel). In contrast, Bottom-5 nuclei display an altered distribution of Lamin A/C with specific regions of the nuclear envelope devoid of it ( Figure 2A and 2B, indicated by white arrow, Movie S3 and S4). The radial distribution of Lamin A/C across the populations of cells is not quantitatively different on average, however ( Figure 2B , bottom panel), indicating that the regions devoid of Lamin A/C are specific to each nucleus in Bottom-5 cells. In contrast, Lamin A/C seems to be uniformly distributed in Bottom-12 nuclei with occasional folds of the nucleus (Figure 2A ), suggesting that the irregular distribution of Lamin A/C in Bottom-5 nuclei could be a result of constricted migration.
Heterochromatic foci are distributed throughout the nucleus in Control, Top-12 and Top-5 cells (Figure 2A , right panel) with some foci localized to the nuclear periphery, in agreement with previous reports investigating the role of heterochromatin in maintaining the integrity/roundness of the nucleus (Gerlitz and Bustin, 2010, Stephens et al., 2019) . In contrast, heterochromatin foci in Bottom-5 nuclei appear to be more dispersed and the majority of signal is localized to the nuclear periphery ( Figure 2A , indicated by white arrow). Indeed, quantifying the radial distribution of H3K9me3 signal in the nucleus reveals that Bottom-5 nuclei display a lower H3K9me3 intensity in the interior of the nucleus and an increase in intensity at the periphery when compared to Control, Top-5 or cells from 12-µm transwell migration ( Figure 2C ). Interestingly, Lamin A/C and H3K9me3 protein levels remain the same across all A375 subpopulations as revealed by Western blot ( Figure S2C ). This is in contrast to other reports that suggest lower levels of Lamin A/C increase the ability to undergo constricted migration (Harada et al., 2014) . Our observations imply that, in A375 cells, constricted migration proficiency is related to the distribution of Lamin A/C and heterochromatin, instead of total protein levels. Given the role of lamins and heterochromatin in organizing the 3D genome structure, we next asked whether related changes are found in the 3D organization of chromosomes.
Genomic regions change their compartmentalization after rounds of constricted migration
To measure changes in genome wide chromosomal contacts, we performed genome-wide chromosome conformation capture (Hi-C) on Control, Top-5, Bottom-5, Top-12 and Bottom-12 cells (see STAR Methods and Table S1 for processing and statistics). Strikingly, using 250kb binned matrices, we observe regions of the genome that switch their compartment identity specifically in Bottom-5 cells but not in any of the other conditions ( Figure 3A , example compartment switch indicated by black arrow). We then performed Principal Component Analysis (PCA) to classify regions according to A/B compartment identity. We identified regions of the genome that have a consistent compartment identity among all un-constricted conditions (Control, Top-12, Top-5, Bottom-12) but change compartment identity (A to B or B to A) in Bottom-5 cells ( Figure 3B , highlighted region, for example). We determined that 1% of 250 kb regions across the genome switched from the B (typically more heterochromatic) to A (typically more euchromatic) compartment and about 2% of the 250Kb bins switched from A to B compartment in Bottom-5 cells ( Figure 3C ). We observed a comparatively very small number of compartment identity switches in all the other conditions ( Figure 3C ) implying that 3D genome structure changes could be specific to constricted migration. We also extended migration through 5-µm pores up to 20 rounds (Bottom20-5) and observe similar compartment patterns and compartment identity switches, reinforcing the idea that these specific rearrangements of the genome results/are related to constricted migration ( Figure 3C and S3).
Even though most compartment switches were specific to Bottom-5 cells, we investigated the distribution of PC1 values of the regions that switched compartments in Bottom-5 among all the A375 conditions ( Figure 3D ). Regions of the genome that were previously in the B compartment in Control cells and switch to the A compartment in Bottom-5 cells show a negative distribution of PC1 values in non-migrating cells (Top-12 and Top-5), consistent with a B compartment identity, similar to the Control. As expected, the PC1 distribution switches to a positive mean in cells that have undergone constricted migration (Bottom-5 and Bottom20-5) ( Figure 3Di ). However, while Bottom-12 cells exhibit a negative PC1 mean (still maintaining their original B compartment identity), it is less negative when compared to Control and Top cells ( Figure 3Di ). A similar pattern is observed in regions of the genome that switch compartment identity from A to B type. While the mean of PC1 distribution is positive for Control and Top cells and negative for Bottom-5 and Bottom20-5 cells, Bottom-12 cells exhibit a less positive mean of PC1 distribution (Figure 3Dii ). This observation could imply that shifts in genome structure begin to happen in cells that undergo migration with minor nucleus deformations, but are more dramatic with a narrow constriction, or that the Bottom-12 cell population contains some cells already primed for confined migration.
Not only are compartment changes a visually apparent difference in constricted migrating cells, but also genome-wide hierarchical clustering analysis of the compartment eigenvectors segregates conditions according to whether they have undergone constricted migration or not, indicating that the changes in chromatin compartmentalization are directly linked to migratory ability ( Figure 3E ). Given our observations on the increased peripheral localization of H3K9me3 distribution after confined migration ( Figure 2 ), we sought to investigate whether genomic regions that change compartment identity correspond to certain lamin association types. We used a previously established LAD atlas (Kind et al., 2015) across a cohort of nine different cell types that classify LADs as: cLADs (constitutive LADs; regions associated with the nuclear lamina in all cell types), ciLADs (constitutive inter LADs; regions located in the interior of the nucleus across all cell lines), fLADs and fiLADs (facultative LADs and facultative inter LADs; regions that are sometimes associated with the nuclear lamina across the cell types). We observed that regions that switched their compartment identity after constricted migration (Bottom-5) were enriched in fLADs both in B to A ( Figure 3Fi ) and A to B (Figure 3Fi ) switches. The high incidence of compartment changes in fLAD regions might relate to the inherently bivalent state of fLADs, representing their ability to transition between lamina-association and dissociation. Additionally, Bottom-12 and Bottom-5 presented with an enrichment of cLADs in the regions that switch from A to B compartment, suggesting a possible further spatial consolidation of heterochromatin regions corresponding to the coalescence of H3K9me3 at the nuclear periphery.
Interestingly, we observed an over-representation of ciLADs in regions switching their identity from B to A compartment between Top-12 and Bottom-12 ( Figure 3Fi ). Given that ciLADs are regions that do not associate with the nuclear lamina in all the examined cell types, we did not expect these regions to be in the B-compartment in the non-migratory cells. We have identified 96 bins that are classified as ciLADs residing in a B compartment in Top-12 cells but are found in the A compartment in all other conditions. Gene ontology enrichment analysis identified functions correlating to cell motility and the regulation of actin cytoskeleton for the genes found in these regions. Additionally, we also observed an over-representation of cLADs in regions that switched their compartment identity from A in the Top-12 to B in Bottom-12, encompassing 253 bins found in the A compartment in Top-12 and in the B compartment in all the other conditions. The genes in these regions were associated with melanogenesis and neuronal pathways. Taken together, these observations suggest that Top-12 cells (the least migratory in the constricted migration spectrum) harbor a 3D genome structure that separates them from the highly migratory cells (Bottom-5 and Bottom20-5) and likely reflects maintenance of melanocyte identity.
Gene expression changes after constricted migration reflect metastatic potential
To investigate potential changes in gene expression in cells that have undergone constricted migration, we performed RNA-Seq on all A375 subpopulations. We identified 977 and 1473 genes that were differentially expressed in Bottom-5 and Bottom20-5, respectively ( Figure S4A and Table S2 ). Hierarchical clustering of all conditions, starting with the subset of genes differentially expressed in Bottom-5 or Bottom20-5, revealed that cells that undergo constricted migration cluster separately from all other conditions ( Figure 4A and Figure S4B ). Overall, we observe three major gene clusters: cluster 1 included 482 genes that are upregulated in Bottom-5 and Bottom20-5 but seem to be mostly downregulated in all other cells. Pathway enrichment analysis identified upregulated pathways related to metastasis, such as TGF-beta, TNF-alpha, EGFR and Integrin β-4 signaling pathways ( Figure 4Bi ). On the other hand, cluster 2 included 368 genes that were downregulated in Bottom-5 and Bottom20-5 but upregulated among all other cells. Interestingly, enriched pathways are involved in developmental pathways such as neural development. Since melanoma cells originate from neural crest, these observations suggest that this cluster relates to melanocyte specific gene expression ( Figure 4Bii ). Finally, cluster 3 included 533 genes that were downregulated in Bottom20-5 and upregulated in Top-5 ( Figure 4A ). Some of these genes relate to cell adhesion, perhaps related to the differences we observe in cell-cell contacts between these subsets ( Figure 1B ).
These gene expression changes correlate with A/B compartment changes upon constricted migration ( Fig. 4C ). Genes found in regions that switch their compartment identity from A to B in Bottom-5 or Bottom20-5 cells display an overall decrease in expression when compared to all other conditions (Figure 4Ci ). Similarly, genes found in regions that switch their identity from B to A compartment in Bottom-5 and Bottom20-5 cells display an overall increase in expression ( Figure 4Cii ). This result suggests that some of the compartment changes after confined migration directly relate to changes in gene regulation. We cannot definitively say whether certain key migration genes were, for example, already active and in the A compartment in a subset of A375 control cells, and these were selected by sequential migration, or whether some such genes became active after a compartment switch was induced by confined migration. However, we can conclude that at least part of the underlying biological function of the compartment switching we observe in confined migrating cells involves changes in gene expression. Interestingly, we found that a large proportion of the genomic bins that switch from A to B and B to A compartment contain no genes; fold enrichment of 4 and ~2, respectively ( Figure 4D ). This observation indicates that a substantial portion of structural changes after migration must be explained by something other than gene regulation changes. We hypothesize that these regions might change as a result of or to accommodate the physical strain on the chromatin fiber during constricted migration.
Additionally, to investigate whether the observed gene expression changes related to local genome structure changes, we zoomed in to regions of the genome encompassing some of the highest upregulated or downregulated genes after constricted migration ( Figure 4E ). We initially explored genes that were upregulated (log2FC > 1) in cells that had undergone constricted migration (Bottom-5 and Bottom20-5). When zooming in to the FBXL7 gene (~ 8-fold upregulated in Bottom-5 and Bottom20-5), we observed the emergence of a domain-like structure in Bottom-5 cells and an increase in chromatin accessibility ( Figure 4E , first panel). Similarly, when exploring genes that were downregulated after constricted migration (Bottom-5 and Bottom20-5), we found genes whose local 3D structure was altered in Bottom-5 or Bottom20-5 cells with the disappearance of the loop present in Top-5 and a decrease in chromatin accessibility (SOD3 and CCDC149 3-15 fold downregulated; Figure4E, second panel). However, we also encountered cases in which the genes were differentially expressed such as PLEKHA6 (log2FC > 2 in Bottom-5 and Bottom20-5) and PKDCC (log2FC = -2.5 in Bottom-5 and Bottom-20) but their local genomic structures remained similar with modest changes in chromatin accessibility ( Figure S4C ). We observe that the loss or formation of loops or domains associated with changes in transcription occurs in regions that had few or no other strong architectural loops, such as the kind mediated by CTCF. Genes that change expression without notable 3D looping changes, in contrast, were located in regions with many other loops and TAD boundaries. These observations support the idea that transcription driven domains can arise separately from CTCF-based domains . Further, the transcription-associated CCDC149 loop occurs between an existing TAD boundary and a promoter, and could be explained by a collision between opposing direction loop extrusion and RNA polymerase activity, as suggested in other systems (Brandao et al., 2019) .
Inter-compartment interactions increase after constricted migration
While the switching of compartment identity after confined migration is a striking phenomenon, and clearly apparent by visual inspection of the contact maps, quantitatively, only ~ 3% of the genomic bins (250Kb bins) were affected by a complete compartment switch according to our thresholds. To evaluate how constricted migration impacted the rest of the chromosome contacts, we evaluated contacts not involved in compartment identity switches by reordering the 250Kb binned matrices from the strongest B to strongest A bins based on PC1 values ( Figure 5A ) (Imakaev et al., 2012) . We observe an evident separation between the B and A compartment in all subpopulations of A375 arising from 5µm (Figure 5Ai and Figure S5A ) and 12μm (Figure 5Aii and Figure S5A ) Transwell migration experiments. However, the relative strength of inter and intra-compartment contacts changes between Top and Bottom cells ( Figure 5A , middle panels). Bottom-5 cells exhibit a loss in the strongest B-B interactions and an overall increase in interactions between the strongest B and strongest A compartments. This phenomenon has been previously reported in neutrophils after passage through small pores, suggesting it may be a general feature of confined migration genomic structural changes (Jacobson et al., 2018) . This change in interaction frequency correlates with changes in gene expression. Regions that exhibit a strong B-B interaction loss display an overall increase in expression of genes found in these regions. Additionally, the expression of genes found in regions that display a gain in B-B interactions show an overall decrease in expression correlating with strengthening of the B-B interactions ( Figure  S5B ). Interestingly, though there is increased mixing of the strongest A and B compartments after confined migration, there is actually increased segregation of regions that are weakly compartmentalized (eigenvector values near 0) in cells that did not pass through constrictions. It appears that the B compartment bins that were previously ambiguous or near compartment boundaries in Top cells are more strongly associated with the rest of the B compartment after confined migration. We also observe a loss of the strongest B-B contacts in Bottom-12 as compared to Top-12, though this effect is not as strong as in the constricted migration case. In contrast to Bottom-5 cells, Bottom-12 cells exhibit an increase of interactions between A-A contacts relative to Top-12. To understand how these differences in compartment interaction frequencies relate to interactions with linearly local or distal chromosome regions, we calculated the distal-to-local ratio (DLR) of Hi-C interaction frequencies ( Figure 5B ). Here, distal is defined as interactions with regions more than 3 Mb away along the chromosome. This measure has previously been associated with changes in chromosome compaction (Heinz et al., 2018) and is related to a measure used to quantify loss of local chromosome structure with chromosome fiber digestion (Belaghzal et al., 2019) . We find that in general, where regions along the chromosome strengthen or switch to A compartments, local interactions increase relative to distal (negative DLR value). Where regions increase their B compartmentalization or lose A identity, distal interactions increase (positive DLR). This could suggest that increased B compartmentalization often occurs when a region is brought closer to other heterochromatin regions far away on the chromosome, perhaps by co-localization at the nuclear lamina, while loss of B/increased A compartmentalization involves breaking distal contacts and increasing local contacts. (highlighted region, Figure 5B ).
Although the DLR shows that local and distal interaction patterns of individual regions do change, the local decay of interactions with distance does not change among any of the A375 subpopulations ( Figure 5C ). This local interaction scaling reflects local chromatin compaction and average local loop size and density, and thus we show that constricted migration does not overall change these local chromosome features. Moreover, we investigated whether constricted migration disrupts TAD boundaries, and we observe no clear differences between any of the conditions ( Figure S5C ). These observations demonstrate that the major changes upon constricted migration occur in larger scale chromosome structures and are in line with previous reports that TAD-scale interactions are independent from compartment-scale interactions such that one can change without dramatically affecting the other (Nuebler et al., 2018) .
Global genomic rearrangements after constriction migration
Constricted migration has previously been shown to result in DNA damage and genome instability (Irianto et al., 2017a) . Since Hi-C can detect structural aberrations such as translocations, we examined interchromosomal interactions in 2.5 Mb binned matrices to search for potential genomic aberrations after confined migration ( Figure 6 ).
At first glance, it is evident that translocations inherent to A375 are present in all sub-populations of cells ( Figure 6A and S6 ). However, a new translocation between chr5 and chr13 (t(5;13)) is evident only in cells that had undergone constricted migration (Bottom-5 and Bottom20-5) ( Figure  6B and S6) . To narrow the specific breakpoint region of this translocation, we focused on Hi-C contact frequency between chr5 and chr13 ( Figure S6 ). While in Top cells (Top-12, Top-5 and Top20-5) contact frequencies between chr5 and 13 remain uniform across the whole chromosome, in Bottom-5 cells we observe a high frequency of interaction between chromosome 5 and chromosome 13 followed by a sudden drop of interactions, indicating the translocation breakpoint ( Figure S6) . Interestingly, the translocation breakpoint falls in a gene poor region of both chromosomes.
We next used Hi-C contacts to estimate what fraction of the chromosomes in the population contain this translocation (See STAR method for detailed analysis approach). We found that this translocation was only present in 6.13% of chromosomes in Bottom-5 and 2.89% in Bottom-20. Since A375 cells have an average of 3 copies of each chromosome per cell, this can be extrapolated to this translocation occurring on one chromosome copy in ~18% of the Bottom-5 cells and 9% of the Bottom20-5 cells ( Figure 6C ). Interestingly, this translocation was not detected in the cells that did not undergo constricted migration (Top-12, Top-5, Top20-5 and Bottom-12) as the fraction of reads coming from the translocation site matched the random background level of interchromosomal interactions in the Hi-C contact map ( Figure 6C, negative control) . The absence of this translocation in non-migratory cells (Top-12, Top-5 and Top20-5) and in Bottom-12 cells suggests that the translocation event may arise due to the physical stress on the nucleus during constricted migration. However, it is also possible that this translocation was present at undetectable levels in the heterogeneous control A375 population, and we are selecting the cells with this translocation during sequential migration.
In addition to translocations, changes in chromosome copy number have been previously reported after constricted migration (Irianto et al., 2017a) . We therefore followed a published approach (Servant et al., 2018) to use raw read counts from our Hi-C data to investigate possible copy number variations (CNV) due to constricted migration in A375 subpopulation of cells ( Figure 6D ). The control population of A375 cells already exhibits non-uniform copy number across chromosomes and chromosome regions ( Figure 6D, top panel) . When comparing the subpopulations of A375, most of the chromosomes maintained their copy numbers independent of constricted migration. However, cells that have undergone constricted migration (Bottom-5 and Bottom20-5) exhibit notable copy number loss in chr13 ( Figure 6D, bottom panel) .
Beyond revealing translocations, interchromosomal contact data can reveal changes in patterns of whole chromosome territory interactions between conditions. So, we next sought to explore how the interchromosomal fraction (ICF) of interactions (Heinz et al., 2018) across the genome varies among the cells that have undergone constricted migration ( Figure 6E ). Interestingly, we observe a decrease in ICF of chr13 ( Figure 6E , top panel, indicated by black arrow) in Bottom-5 cells. This is not likely to be explained purely by copy number loss at chr13, as this would decrease both inter and intra-chromosomal contacts rather than changing the ratio between the two. Additionally, smaller chromosomes (chr14-chr22) display an overall increase in ICF in Bottom-5 cells ( Figure  6E , top panel, indicated by black box) but a decrease of ICF in Bottom-12 cells ( Figure 6E , bottom panel, indicated by black box). This measurement could indicate that smaller chromosomes differ in their relative compactness and intermixing depending on constricted migration.
Cells that have undergone constricted migration exhibit metastatic phenotypes in 3D models
To investigate whether the cells that had undergone multiple rounds of constricted migration show metastatic behavior in more biologically-relevant environments, we embedded all A375 subpopulations in 3D collagen gel matrices as described previously (Denais et al., 2016) . Bottom-5 and Bottom20-5 cells embedded in collagen with a density of 2.42 mg/mL, displayed long cytoplasmic protrusions and large nuclear deformations ( Figure 7A , right panel and Figure S7 ) 4 days after seeding, suggesting that the cells are attempting to migrate through the collagen pores.
In contrast, cells that did not undergo constricted migration in the Transwell (Top-12, Top-5, Top20-5 and Bottom-12) did not exhibit cellular or nuclear shape changes but rather round nuclei, and Bottom-5 (n = 53) (Top graph). Top-5 vs Control (p = 0.8232); Bottom-5 vs Top-5 (**p = 0.0054); Bottom-5 vs Control (**p = 0.0031) as calculated by two-tailed t-test. Measurements of nucleus convexity (convex volume/volume) in Control (n = 54), Top-5 (n = 52) and Bottom-5 (n = 53) cells (Bottom graph). Top-5 vs Control (p = 0.4621); Bottom-5 vs Top-5 (**p = 0.001); Bottom-5 vs Control (**p = 0.0067) as calculated by two-tailed t-test. (C) Free floating organoids of A375 cells exposed to 5-μm transwell co- suggesting an inability of these cells to move through the pores created by the collagen fibers ( Figure 7A , left panel and Figure S7 , Movie S5 and S6). Quantification of nuclear shape differences between these subpopulations of cells by measuring the roundness of the nucleus (Figure 7Aii ) clearly distinguished cells that had undergone constricted migration from cells that did not, indicating that the ability to deform their nucleus in a 3D environment is a key distinguishing factor among the A375 subpopulation of cells.
With the emerging applications of organoid systems in bridging basic cancer research to preclinical models (Xu et al., 2018) , we took advantage of this system to investigate whether we observe any differences in organoid formation and interaction with healthy stromal cells between non-migratory and highly migratory melanoma cells. We co-cultured each A375 subpopulations of cells with normal human foreskin fibroblasts (BJ-1) on a low adherent surface to induce aggregation and attachment of cells to each other. While this system has been widely used to investigate interactions between mesenchymal stem cells and other cells of choice (San Martin et al., 2017 , Kim et al., 2014 , Takebe and Wells, 2019 this is, to our knowledge, the first use of a free floating epithelial-stromal organoid to model melanoma.
When mixed with healthy skin fibroblasts, Control and Top-5 cells formed a round free-floating organoid structure. Hematoxylin and eosin (H&E) staining of sections of this organoid revealed an epithelial-like layer of cells around the outer-edge of the organoid (A375 cells) and an inner stromal mass likely composed of BJ-1 cells (Figure 7Bi ). Top-5 cells displayed a tight arrangement of epithelium in the outer compartment and an even distribution of BJ-1 in the inner compartment (Figure 7Bi, right panel) . In contrast, when mixing the highly migratory cells (Bottom-5 and Bottom20-5) with fibroblasts, we observed the slower formation of a looser, porous and noncompartmentalized organoid (Figure 7Bii ). H&E staining of these organoids revealed disorganized aggregations of epithelium clusters in the outside of the organoid, which likely stems from the decreased cell-cell attachments and highly migratory phenotypes of these migratory cells shown above (Figure 1) . Additionally, in the organoids formed by the highly migratory melanoma cells, we observe channel-like openings in the stromal compartment that are reminiscent of vasculogenic mimicry as previously reported in different tumors including melanoma (Spiliopoulos et al., 2015 , Kim et al., 2019 . These results demonstrate that cells that have undergone sequential confined migration in an artificial Transwell system display biologically relevant aggressive cancer-like phenotypes in their interactions with other healthy cells.
Discussion
Constricted migration is an important phenomenon in cancer metastasis and presents a major challenge to nuclear mechanics. Major avenues of previous research have separately investigated the role of the nucleus in confined migration, the impact of migration on linear DNA integrity, and the role of 3D genome structure in cancer. Our present results bridge these fields, revealing changes in spatial chromosome compartmentalization specific to cells that have passed through numerous constrictions smaller than their nucleus. These genome structure changes are associated with a notable change in cell and nucleus phenotypes whether the cells are migrating on a 2D surface, squeezing through a collagen matrix, or aggregating in organoids. Cells proficient at confined migration more often deform their nuclei, elongate their cell body, and have fewer cell-cell attachments.
A major question raised by our results is whether the differences in 3D genome structure we see in cells that have undergone confined migration (Bottom-5 and Bottom20-5) result from a selection process on an initially heterogeneous population or a "training process" where confined migration itself causes chromosome structure changes. We first note that trying to determine "selection or training" is in many ways a false dichotomy. It is very plausible that cells which are initially primed for confined migration in a heterogeneous tumor begin to squeeze through tight junctions, and that then their chromosome structure is further rearranged as a result of the nucleus deformations. Overall, our data provide evidence consistent with the idea that both processes are taking place.
First, our isolation of A375 cells that cannot migrate at all, even given 10 chances to go through a wide pore (Top-12 cells), is a clear demonstration that the initial A375 population is heterogeneous. These cells have been previously shown to display heterogeneity in their metastatic capacity (Kozlowski et al., 1984) and overall within melanoma lesions, a select group of cells can gain the ability to metastasize, and that further diversification and phenotype change can occur as a result of metastasis (Damsky et al., 2010) . The genome structures and gene expression patterns specific to this subset informs us about the properties of cells that cannot migrate. On the other hand, the fact that our Bottom-12 cells, which have passed through a large pore, present with genome structure differences compared to Bottom-5 cells shows that we are not simply distinguishing between cells with a pre-existing ability to migrate. There are cellular, nuclear, and genome organization properties specific to confined migration. Further, some structures and phenotypes of Bottom-5 cells, such as the new chromosome 5-13 translocation and extremely elongated cell shapes, are not detectable in the original control population. This suggests that confined migration itself can induce some of the changes we observe. As passage through a constriction physically moves the chromosomal regions in the nucleus, certain interactions, such as the strongest B-B interactions in our data, may be pulled apart as suggested by chromatin stretching previously described (Irianto et al., 2017b) and loss of B-B interaction strength with confined migration observed in neutrophils (Jacobson et al., 2018) . Meanwhile, loci previously more distant are given an opportunity to associate and may form new aggregates through phase separation. This may be an explanation for the strengthening of interactions we observe between previously weak B compartments and stronger B compartment regions. Future work, such as sequential migration of individual clones, single cell Hi-C, and approaches to monitor individual cells' chromosome folding through rounds of constriction, will help further identify which genome structures pre-exist and favor migration and which are newly caused by the stresses of migration.
Our results suggest that the confined migration-specific 3D genome structure serves several potential biological purposes. First, we observe an overall correlation between spatial compartmentalization changes and gene expression alterations, and the altered genes relate to migratory ability. For example, in Bottom-5 cells, we observe downregulation of a group of genes important for cell-cell/matrix adhesion (CADM3, CADM1, ITGA9). Why would 3D genome changes be needed to accompany gene expression changes? Altered local gene regulation alone can be sufficient to explain temporary changes in cellular behaviors in response to a stress or stimulus, and these changes do not require 3D genome rearrangement (Jin et al., 2013) . But our data suggests that migration behaviors of the different A375 sub-populations are stably divergent. From our observations, we propose that the stability of this phenotype is encoded in the 3D genome structure change we measure, since moving whole genomic regions to different spatial and chromatin environments is less reversible than transiently regulating individual genes. Further, since these differences persist through several passages in culture, this raises the possibility that 3D genome changes after confined migration could underlie the distinct phenotype and increased in vitro invasiveness of cancer cells derived from metastatic sites compared to those from primary tumors or normal tissue (Oppenheimer, 2006) . We propose that the different behavior of our cell subpopulations in organoid cultures with normal fibroblasts is inherent to changes in their genome structures which are, in turn, physiologically relevant to phenomena in cancer progression.
Beyond gene regulation, our results suggest a role for chromosome structure change in modulating the physical properties of the cancer cell nucleus. Our results show that the nuclei of Bottom-5 cells deform more than Top-5 cells when embedded in a collagen matrix or even when spontaneously migrating on a 2D surface. Previous research has shown that nucleus stiffness can be altered by increasing or decreasing the overall expression of Lamin A/C or by changing overall levels of heterochromatin (Lammerding et al., 2006 , Stephens et al., 2017 , Stephens et al., 2018 . But, the apparent change in nucleus pliability observed in the current study cannot be explained by changes in overall Lamin A/C content or heterochromatin levels: Lamin A/C and H3K9me3 levels were constant as measured by both immunostaining and western blot. Instead, we observed a redistribution of Lamin A/C and H3K9me3 localization in the nucleus, with individual heterochromatin foci originally in the interior of the nucleus merging at the periphery and Lamin A/C becoming less evenly distributed. Our observations suggest that changing levels of Lamin A/C and heterochromatin are not always required to increase constricted migration potential and that re-localization of these proteins and chromosome regions can be important to provide a rigid enough nucleus to withstand physical deformations but also soft enough to be able to successfully undergo constricted migration. Future work will be required to determine how the 3D genome changes we observe translate into quantitative differences in nucleus physical properties.
The altered heterochromatin localization we observe by imaging translates to, and is more deeply characterized by, the alterations in chromosome compartmentalization we observe with Hi-C. The observation that regions which increase their B compartment interactions also gain more distal interactions is consistent with our imaging observation that disparate heterochromatin foci come together at the nuclear periphery in confined migrating cells. Interestingly, many of the regions with altered compartmentalization do not show a connection to gene regulation. In fact, we observe a striking enrichment of regions with no genes at all among the set of regions that switch from the A to the B compartment in confined migration. This suggests that the genome structure changes we observe have a role beyond gene regulation, and we hypothesize that these switches are primarily involved in changing physical properties of the chromosome structure and therefore nucleus adaptability to constriction.
Our data also provide insight into some basic questions about 3D genome organization principles. As described above, our data allow conceptual links between changes in contacts observed in Hi-C data and the appearance and localization of chromatin types observed by imaging. Further, our observation that compartments, compartment strength, and whole chromosome interactions change while TADs are unaltered reinforces the idea that these are separate and largely independent layers of genome organization , Schwarzer et al., 2017 . These changes also suggest that the compartment and whole chromosome level of genome structure are more important in nucleus physics and deformation than is the TAD and loop level of organization. Meanwhile, our observation that local punctate interactions change around sites where gene expression changes echo previous evidence that collisions between loop extrusion and transcription can influence local contact patterns (Brandao et al., 2019) .
Are the 3D genome changes we observe in our constricted migration cell population diagnostic of metastatic potential? Previous reports have sometimes detected gene expression signatures in primary tumors that may be predictive of metastasis (Ramaswamy et al., 2003) . Nuclear morphology abnormalities ("nuclear atypia") are also already used clinically as a marker of cancer aggressiveness (Kadota et al., 2012) . Recent reports have taken advantage of microfluidic engineering to predict metastatic potential of breast cancer cells based on their morphological features (Yankaskas et al., 2019) . But, beyond being a marker, the biological significance of such abnormalities and what chromosome structure changes accompany them have not been defined. Here, we provide evidence that chromosome structure changes could link metastatic gene expression signatures with the abnormal nuclear appearance of aggressive cancer. Our results reveal chromosome spatial compartmentalization changes in genomic regions related to metastatic potential in a highly invasive subset of A375 cells. Future work will be needed to investigate whether such changes are also observed in patient metastatic melanoma samples. Our data provides a foundation for future investigation of whether similar structural changes occur after constricted migration in other cancer types and therefore constitute 3D genome structure signatures of metastatic cancer potential.
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STAR METHODS
KEY RESOURCES
CONTACT FOR REAGENT AND RESOURCE SHARING
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Rachel Patton McCord (rmccord@utk.edu).
EXPERIMENTAL MODEL AND SUBJECT DETAILS
Cell Lines and Cell Culture
A375 human melanoma cells were obtained from ATCC (CRL-1619). Cells were grown using complete DMEM medium (Corning -10-013-CV; 10% FBS, 1% Pen-Strep, 1% L-Glutamine) at 37 o C supplied with 5% CO2.
BJ1-hTERT cells used for 3D organoid co-culture were grown in a 4:1 mixture of DMEM (containing 4mM L-glutamine, 4.5g/L glucose 1.5g/L sodium bicarbonate) and Medium 199. Base media was supplemented with 0.01 mg/mL hygromycin B and 10% FBS.
METHOD DETAILS
Sequential Transwell Migration
For the sequential transwell migration, we used transwells with 12 μm (VWR-10769-224) and 5 μm pore sizes (VWR-10769-236) . Briefly, the bottom of the transwells were coated with 40 μL of 10 μg/mL fibronectin for ~ 45 minutes. 24 well plates were prepared for transwell migration assay adding 500 μL of 1x DMEM (Corning) with full supplements per well. A375 cells were detached from culture dishes at 80-90% confluency and aliquoted to 100,000 cells per 100 μL of 1xDMEM. Each transwell was placed into its corresponding well of the 24 well plate and 100 μL of the cell suspension was added to the top of each filter. Cells were incubated at 37 o C, 5% CO2 and allowed to migrate for 24 hours. After the 24-hour incubation, migration efficiency was quantified as follows. First, freely floating cells were removed from the top of the filter (unmigrated; "Top" cells) and from the well beneath the filter (migrated "Bottom" cells) and placed in two separate tubes. Then, 400 μL of trypsin was added into the bottom chamber of the 24 well plate and 200 μL of trypsin was added into the top chamber to detach any remaining attached cells. Recovered cells after trypsinization were added to the unmigrated or migrated tubes, accordingly. Cells were spun down (1000 rpm, 5min) and counted (using trypan blue) to calculate % migration such as: #bottom/(#top+#bottom). Additionally, a small aliquot of cells was saved for immunofluorescence (IF) . The rest of the cells were seeded into wells of a 24-well plate to expand. When cells reached 80-90% confluency, another transwell migration was performed (R2). A375 Top and Bottom cells were detached and counted. Two transwell filters were prepared as previously described (one for Top and one for Bottom). Then 100,000 cells suspended in 100 μL of 1xDMEM without supplements were seeded into the transwell filters.
After 24-hour incubation at 37 o C and 5% CO2, cells were trypsinized as previously described to quantify migration efficiency. Only the cells that were always on top (Top of Top) and the cells that were always on the bottom (Bottom of Bottom) were saved and grown for further sequential rounds of migration. This process was repeated for 10 and 20 rounds of migration which lead to the generation of A375-5-NM10, A375-5-M10, A375-12-NM10, A375-12-M10, A375-5-NM20 and A375-5-M20.
2D Single Cell migration
Live cell imaging
To track single cell movement in 2D, A375-C, A375-NM and A375-M cells were seeded on wells of a 6-well plate at a 30,000 cells/well density. After cells were attached, live cell imaging was performed using the EVOS FL Auto microscope at 40X magnification. Images were acquired every 10 minutes for a 24-hour time period.
Cell morphology analysis
Parameters that describe cell morphology such as solidity and aspect ratio were quantified using the Shape Descriptors plugin in ImageJ.
Immunocytochemistry
IF staining
Approximately 50,000 -100,000 cells for each sub-population of A375 were seeded into either poly-D-lysine treated coverslips or 35-mm coverslip bottom dishes. Cells were allowed to attach overnight and then crosslinked with 4% formaldehyde for 10 min followed by three, 5-minute washes with PBS. After washing, cells were permeabilized with permeabilization buffer (10% goat serum, 0.5% Triton in PBS) for 1 hour at room temperature. After the incubation, primary antibodies (Lamin A -sc-376248, Lamin B1 -ab133741, H3K9me3 -ab176916), diluted in antibody dilution buffer (5% Goat serum, 0.25% Triton in PBS) were added and incubated overnight at 4 o C. After primary antibody incubation, cells were washed 3 times with PBS for 5 minutes for each wash. Cells were then incubated with secondary antibodies (Alexa Fluor 594 and Alexa Fluor 488) per manufacturer's directions (2 drops of secondary antibody/1mL of PBS -R37117 and R37120) for 30 minutes at room temperature. After secondary antibody incubation, cells were washed 3 times with PBS and sealed using mounting media with DAPI. Slides were treated in the mounting media for 24 hours before imaging.
Cells were imaged using a Leica Sp8 Confocal microscope was equipped with a 63x oil immersion objective.
Nuclear morphology analysis
To analyze the area, perimeter, solidity and aspect ratio of nuclei, Image J plugins were used (Area, Perimeter and Shape Descriptors). Lamin A/C and H3K9me3 radial distribution was quantified using Measure Object Intensity Distribution module in Cell Profiler. Mean fractional intensities for each bin specified (4 total bins; starting from innermost (bin1) to outermost (bin4) radial position) was plotted.
Western Blot
A375 cells were trypsinized as previously described, and approximately 5 million cells were collected by centrifugation (1000 rcf, 5 min, room temperature). The cell pellets were resuspended in 300 ml of RIPA buffer (Thermo Scientific, I89900), supplemented with protease inhibitors/EDTA (GenDepot 50-101-5485), and phosphatase inhibitors (GenDepot 50-101-5488). Cells were then incubated on ice for 10 minutes. DNA was degraded by adding 6 μl of micrococcal nuclease (0.5 U/ml stock, Thermo Scientific, FEREN0181) and 12 μl of calcium chloride (100 mM stock) to each lysate, followed by incubation at 37°C for 15 min. Nuclease activity was inhibited by subsequent incubations at 68 °C for 15 min, and ice for 10 min. Protein samples were stored at −80 °C until use. Protein concentration was measured using the BCA Protein Assay Kit. Thermo (234225), according to the manufacturer's instructions.
Denatured protein samples were resolved using a mini gel tank (Invitrogen, A25977) for 35 min at 200V, using 4-12% Bis-Tris Plus gels (Invitrogen, NW04120BOX) for all targets. Protein was transferred to low fluorescence PVDF membranes using the mini Bolt Blotting System (Invitrogen, B1000), along with system-specific reagents. Blotting was performed using the Odyssey TBS blocking system (Licor, 927-400000), according to the manufacturer's protocol. Briefly, membranes were activated with methanol after transfer (1 min, RT), washed twice with milliQ water (5 min), twice with TBS (2 min), and blocked with Odyssey TBS blocking solution for 1 hour at RT. Primary antibodies were diluted in blocking buffer (containing 0.2% Tween), and incubated over night at 4°C as follows: H3K9me3 (1:1000, ab176916) , LaminA/C (1:1000, sc-376248) and LaminB1 (1:1000, ab133741) . Beta actin was used as a loading control, using the appropriate antibody (1:10,000; rabbit polyclonal PA1-16889, Thermo Fisher or 1:10,000; mouse monoclonal MA1-140, Thermo Fisher) alongside with the targets of interest. Detection was carried out using the following secondary antibodies: goat anti-rabbit (1:10,000; IRDye 680RD [92568071]; Licor) and goat anti-mouse (1:10,000, IRDye 800CW [95-32210]; Licor). Secondary antibodies were diluted in Odyssey TBS blocking buffer containing 0.2% Tween and 0.01% SDS. Membranes were incubated in secondary antibody for 1 hour at RT, followed by three washes (TBST, 5 min each).
Images of near infrared fluorescent signal were acquired using an Odyssey scanner (Licor) in both the red and green channels. Signal was quantified using the Image Studio software (Licor).
Hi-C
Library Preparation
Hi-C libraries were prepared for each cell sub-population (A375-C, A375-NM10, A375-M10, A375-NM20, A375-M20, A375-12-NM and A375-12-M) as previously described (Golloshi et al., 2018) including two biological duplicates for each condition. Briefly, 10 million cells were grown in T-75 cell culture flasks to 80-90% confluency and crosslinked with 1% formaldehyde for 10 min. Crosslinked cells were then suspended in lysis buffer to permeabilize the cell membrane and were dounce homogenized. Chromatin was then digested in-nucleus overnight using DpnII restriction enzyme. Digested ends were filled in with biotin-dATP, and the blunt ends of interacting fragments were ligated together. DNA was then purified by phenolchloroform extraction. For library preparation, the NEBNext Ultra II DNA Library prep kit (NEB) was used for libraries with size ranges from 200-400bp. End Prep, Adaptor Ligation, and PCR amplification reactions were carried out on bead bound DNA libraries.
Sequencing was performed at the Oklahoma Medical Research Foundation Clinical Genomics facility using the Illumina HiSeq 3000 platform with 75 bp paired end reads or a NovaSeq 6000 with 50 bp paired end reads. Sequencing reads were mapped to the human genome (hg19), filtered, and iteratively corrected as previously described (Imakaev et al., 2012) (https://github.com/dekkerlab/cMapping). All Hi-C contact matrices were scaled to a sum of 1 million interactions to allow comparisons between conditions in downstream analysis. For library quality and mapping statistics see Table S1 .
Compartment Analysis
Compartment analysis was performed by running principal component analysis using matrix2compartment.pl script in the cworld-dekker pipeline available on GitHub (https://github.com/dekkerlab/cworld-dekker). The PC1 value was then used to determine compartment identity for 100 and 250Kb binned matrices. We considered PC1 values greater than 0.01 to be A compartment and less than -0.01 to be B compartment for this analysis and determination of compartment switches.
Saddle Plots
Saddle plots were constructed to investigate changes in interaction frequency between or within compartments in highly migratory and non-migratory melanoma cells. Briefly, PCA analysis was performed on 100Kb binned matrices to assign compartment identity for each bin. For the analysis, interaction zScores, normalizing for interaction decay for genomic distance, were calculated according to the matrix2compartment.pl script in cworld-dekker. Zscore matrices were reordered based on compartment strength (from strongest B to strongest A using eigenvector values). Finally, matrices were smoothed at 500Kb bin size.
Interchromosomal Fraction (ICF)
Ratio of interchromosomal interactions relative to the total number of interactions for a given chromosome as previously described (Heinz et al., 2018) .
Distal to Local Ratio (DLR)
Log2 ratio of HiC interactions with distance greater than 3Mb relative to local interactions less than 3 Mb away. To find the change in DLR after constricted migration, delta DLR was calculated as DLRBottom -DLRTop as previously described (Heinz et al., 2018) .
Copy Number Variation Estimation
CNV estimation was performed using the approach available from https://github.com/nservant/cancer-hic-norm (Servant et al., 2018) 
Translocation Detection and Frequency Calculation
For the novel translocation visibly evident in 2.5 Mb binned contact maps for Bottom-5 constricted migrated cells, we further pinpointed the specific breaksite on each chromosome (chr5 and chr13) using raw valid pair counts within the region. First, we filtered all valid pair interactions between chr5 and chr13 to include only regions of chr13 between 38.3 and 57.5 Mb (a range of coordinates upstream of the translocation site, which all interact more than expected with chr5). Then, we plotted a histogram of interaction frequencies between each locus along chr5 and this set of chr13 coordinates. We noted a sharp interaction drop within the region chr5:12.24-12.25 Mb, which represents the translocation breakpoint. We then reversed this process to determine the breakpoint along chr13.
To calculate the percent of chromosomes containing this chr5-13 translocation in each subpopulation, we first found the 2.5 Mb bin with the maximum raw Hi-C counts near the translocation site in Bottom-5 cells. We then calculated an average value for raw Hi-C counts between neighboring bins (one bin off diagonal) in cis on chr7. We then calculated the percent of chromosomes bearing the translocation in any given cell type as the ratio of raw interaction counts at the translocation bin over average interaction counts between neighbors in cis. Given the median triploid karyotype of A375 cells, we then multiplied this % of chromosomes by 3 to estimate a % of cells carrying the translocation.
Distance Decay Scaling Plots
Using 40 and 20 Kb binned iteratively corrected and scaled contact matrices, we extracted contact frequencies between bins at each genomic distance, excluding the diagonal bin (zero distance). A loess fit was then used to find a smooth curve describing interaction decay vs. distance (using the matrix2loess.pl script in cworld-dekker). The interaction frequencies were then normalized to set the maximum value (loess fit interaction value for the minimum distance) for each dataset to 1 and then plotted on a log scale vs. log genomic distance.
RNA-Seq
Library Preparation
For Control, Top-5 and Bottom-5 A375 cells, RNA was extracted, and the library was prepared in out laboratory. Briefly, RNA was extracted using Qiagen RNAeasy plus mini kit (Cat. No. 74134). Cells were lysed and homogenized, spun down in gDNA eliminator columns to remove any genomic DNA. All samples were washed with ethanol and the total RNA was eluted. The quality and quantity of the RNA were quantified using Agilent Bioanalyzer Nano RNA kit. All the libraries used were characterized by a RIN value between 9 and 10. rRNA was depleted using NebNext rRNA Depletion Kit (Cat. No. E6310S). Total RNA was hybridized to the probe followed by RNaseH and DNase I digestion. RNA was then purified using AmpureXP beads from Beckman Coulter (Ref. A63881) at a 2.2x concentration of beads. RNA libraries were prepared using NebNext Ultra II RNA library prep Kit (Cat. No. E7770G). After rRNA depletion, RNA was fragmented (~200 nt) and primed following first and second strand cDNA synthesis. The double stranded cDNA was then purified using AmpureXP beads at a 1.8X concentration. After purification, cDNA libraries were end prepped, ligated adapter and PCR amplified for 7 cycles to enrichment for adaptor ligated DNA using NebNext Multiplex Oligos for illumine (Cat. No. E7335G). cDNA librariers were then purified using AmpureXP beads at a 0.9X concentration and their quality was checked using Agilent Bioanalyzer high sensitivity DNA kit. cDNA samples were then sent to Oklahoma Medical Research Facility (OMRF) for high throughput sequencing.
For the rest of A375 libraries, Top20-5, Bottom20-5, Top-12 and Bottom-12, RNA was extracted using the Qiagen RNAeasy plus mini kit as described above. Total RNA was then sent for library preparation and sequencing at GeneWiz.
RNA-Seq Data Analysis
Quality of reads was checked using Fastqc and adapter sequences were trimmed using BBTools (https://github.com/kbaseapps/BBTools). Additionally, quality trimming of the reads was performed and any reads with a lower than 28 quality score were discarded. Reads were then aligned using STAR alignment (https://github.com/alexdobin/STAR) with an average alignment rate of 89%. The aligned reads were then sorted by genomic position and feature counts was performed using htseq 0.11.1(https://github.com/simon-anders/htseq). Differential expression of genes was determined by using DESeq through Galaxy.
ATAC-Seq library preparation and analysis
ATAC-Seq libraries were prepared as previously described (Buenrostro et al., 2015) . Libraries were generated using Ad1_noMX and Ad2.1-2.3 barcoded primers from (Buenrostro et al., 2015) and were amplified for a total of 12-13 cycles. The quality and quantity of the libraries were measured using Agilent Bioanalyzer High Sensitivity DNA kit. Sequencing was performed at Oklahoma Medical Research Facility using HiSeq3000 with 75 bp paired end reads.
ATAC-Seq Data Analysis.
Adapters and reads with a quality score less than 20 were trimmed from the final libraries using Skewer/0.2.2 (https://github.com/relipmoc/skewer). Trimmed reads were aligned to the hg19 genome using bowtie2 with default parameters (https://github.com/BenLangmead/bowtie2). Aligned reads were sorted, indexed and ChrM reads were removed using samtools. Duplicated reads were removed using Picard (https://github.com/broadinstitute/picard/blob/master/src/main/java/picard/sam/markduplicates/ MarkDuplicates.java). Finally, peaks were called using MACS2 (https://github.com/taoliu/MACS) with the following parameters: --nomodel --extsize 300 -g hs --keep-dup all.
3D Collagen Matrix
Experiments investigating the morphology and migration of A375 cells were performed in single cell suspension in collagen matrices (A375-Control, A375-Top10. A375-Bottom10 generated from passage of A375 through 5 and 12 μm sized pore transwells) as previously described (Denais et al., 2016) . 75,000 cells/condition were added into collagen matrices (Rat Tail, Corning 354236) with a density of 2.32 mg/ml. The pH of the collagen gels was normalized to a neutral pH and gels were incubated at 37 0 C for 30 min to gel. After the incubation, media with full supplements was supplied to the collagen gels. Cell were allowed to migrate through the collagen for 5 days before the cells were stained and imaged.
Immunofluorescence for collagen.
Cells embedded on collagen were stained as previously described (Denais et al., 2016) . Briefly, collagen matrices were fixed in 4% formaldehyde for 30 min at 37C. Collagen matrices were then washed with 1xPBS for 10 min for three times. Each collagen matrix was then incubated with blocking buffer (0.5% Triton, 10% Goat Serum in 1xPBS) overnight at 4C. After blocking, samples were then incubated with primary antibody (LaminA -sc376248) at a 1:500 dilution in 1xBlocking Buffer:1xPBS at 4C overnight. After incubation, aspirate primary antibody solution and wash three times with 1xPBS for 10 min each. Samples were then incubated in secondary antibody (2 drops/mL of PBS) for 1hr and room temperature. After secondary antibody incubation, samples were then washed with 1xPBS three times for 10 min each. Samples were incubated with DAPI (1μg/mL) for 30 min at RT. Collagen matrices were then washed three times with 1xPBS for 10 min each. Z-stacks of collagen matrices were taken with Leica SP8 confocal microscope at 40x water objective.
3D Organoids
Cell culture
Human foreskin fibroblasts (BJ1) and A375 were trypsinized using standard protocols. Aliquots of 1.2 million cells were washed once with their respective complete culture media (1 ml) by centrifugation (500 rpm, 8 min). Each epithelial (A375) cell pellet was re-suspended in 400 μl of full media and then mixed with the corresponding fibroblast pellet. Cell culture inserts (Millipore. Millicell-CM 12mm) were prepared as suggested by the manufacturer and each chamber was seeded with 400 μl of the cell mixture, along with 600 μl of A375 media in the outside chamber. Organoids were allowed to form for 24 hours prior to imaging and fixation.
Histology
Organoids were fixed by adding 400 and 600 μl of 8% formaldehyde (in PBS pH 7.5) to the insert and outside chambers, respectively, for a final concentration of 4%. Organoids were fixed for 1 hr. at room temperature, followed by three rinses in PBS, and frozen over dry ice in cryomold vessels, using O.T.C. compound (Sakura). Cryo sections were obtained at a nominal thickness of 5 μm and stored at -80 o C.
Organoid sections were stained with Hematoxylin and Eosin (H&E) using the Rapid Chrome Kit (Thermo 9990001), with modifications. After hematoxylin incubation, sections were given a fast acid wash with 0.1% aqueous hydrochloric acid, followed by rinsing in running tap water for 2 min. After eosin staining, sections were cleared with Histoclear (National Diagnostics HS-200) and mounted on histomount (National Diagnostics HS-103).
DATA AND SOFTWARE AVAILABILITY
All relevant data supporting the key findings of this study are available within the article and its Supplementary Information files or from the corresponding author on reasonable request. Hi-C, RNA-Seq, and ATAC-Seq sequence data and processed data for A375 cell line experiments are deposited under GEO:XXXXXXXXX. Software and code used for the analyses presented are available as public github packages, as described in the Methods section.
